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Abstract 

Complexes similar in structure but with a higher oxidation state of the metal center mimic charge-storage processes observed 
in biological systems. An oxomanganese system based on the ligand 2(2’-pyridyl)benzimidazole, [Mn202(pbz)4]3+, which contains 
the biologically relevant mixed-valent di-p-oxo Mn(III,IV) unit capable of undergoing a pH controlled one-electron redox 
conversion to the Mn(IV,IV) state, is described. The [Mn202(pbz)$+ and [Mn,O,(pbz)$+ complexes have both been isolated 
and structurally characterized by X-ray crystallography and UV-Vis, EPR and resonance Raman spectroscopic methods. A 
characteristic Mn(IV)-0 stretching mode of the (di-p-oxo)dimanganese core in these complexes at -695 cm-’ provides a 
useful reference probe for structural characterization of Mn containing active sites involving two 0x0 bridges. 
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1. Introduction 

The study of high-valent manganese complexes with 
bridging oxide ligands is becoming increasingly impor- 
tant due to the potential involvement of CL-oxo-bridged 
cores at the active sites of manganese containing en- 
zymes [l]. The primary function of Mn centers in biology 
appears to be oxidation-reduction stemming from a 
facile accessibility of various oxidation states of the Mn 
atom at biologically attainable conditions. A dinuclear 
Mn site is found to be involved in a two-electron 
catalytic disproportionation of peroxide to water and 
dioxygen in non-heme bacterial catalases [2], whereas 
it is commonly believed that a tetranuclear Mn 0x0 
aggregate is involved in a four-electron, light-driven 
oxidation of water to dioxygen at the oxygen evolving 
center (OEC) of the green plant photosystem II (PSII) 
[3]. The OEC achieves its function by five readily 

Abbreviations used: pbz, 2(2-pyridyl)benzimidazole; bpy, 2,2’-bi- 
pyridine; phen, l,lO-phenanthroline; tpen, N,N,N’,N’-tetrakis(2-pyr- 
idyImethyl)-1,3_ethanediamine; bpea, N,N-bis(2-pyridyl-methyl)- 
ethylamine; saltn, 1,3-bis(salicylideneiminato)propane; PSII, photo- 
system II; OEC, oxygen evolving center; IR, infrared; RR, resonance 
Raman; EPR, electron paramagnetic resonance; EXAFS, extended 
X-ray absorption fine structure; SCE, saturated calomel electrode. 

*Corresponding author. 

accessible states, called the S states (S,-S,) [4], which 
involve proton ionizations between S, + S1, S, + S, and 
S, -+ [S,] * S, [5]. The S, state has been found to show 
a multiline EPR signal centered at g=2 [6]. Similar 
multiline signals due to 55Mn hyperfine coupling have 
also been observed for the superoxidized Mn(III,IV) 
form of catalases [2d]. To a first approximation, the 
EXAFS spectra of superoxidized catalase and OEC in 
the S, state also look very much alike in that they both 
show an Mn-Mn interaction at -2.7 8, [2f]. These 
EPR and EXAFS features are characteristic of the di- 
~-0x0 dimanganese core in Mn(III,IV) (EPR, EXAFS) 
and Mn(IV,IV) (EXAFS) oxidation states, suggesting 
a similarity in sub-structure between the two enzymes. 
Understanding the factors which control the delicate 
balance between oxidation states of the basic diman- 
ganese units and their transformations in aqueous me- 
dium continue to be an important issue in deeper 
understanding of these fascinating biological systems. 

The chemical approach to gain an insight into the 
S state advancement in OEC, and accompanying charge 
storage steps, involves achieving the experimental con- 
ditions under which a variety of complexes in different 
oxidation states can be isolated, especially with the 
same ligation and the nuclearity unchanged to delineate 
the factors which lead to stabilization of additional 
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charge equivalents on the cluster. Complexes similar 
in structure but with a higher oxidation state of the 
metal center model the charge-storage process observed 
in the biological system. With this in mind, we have 
recently demonstrated that the p-oxo-di-CL-acetato 
Mn(III,III) complex, [Mn,O(O,CCH,),(bpy),$+, pre- 
viously synthesized and structurally characterized by 
Girerd and co-workers [7], can undergo a proton- 
induced, two-electron oxidation upon addition of per- 
chloric acid to form a di-p-oxo-p-carboxylato bridged 
Mn(IV,IV) dimer, [Mn,0,(0,CCH,)(bpy)J3+, while 
retaining one of its bridging acetates and both terminally 
ligated water molecules [8]. In addition, there have 
been numerous studies conducted on the dinuclear Mn 
complexes possessing a mixed-valent [Mn,(p-0),]3f 
core that have established proton-coupled electron 
transfer in their redox transformations as well [9]. For 
example, these complexes are reduced to the Mn(III,III) 
oxidation state under electrochemical conditions [9]. 
Under self-assembly conditions, however, the [Mn,(,u- 
O),]” cores undergo facile transformations to Mn(IV) 
containing clusters of varying metal nuclearities de- 
pending on the pH of the reacting solution and the 
coordinated ligands. Thus, the di-FL-oxo-p-carboxylato 
bridged dimanganese(III,IV) units with tridentate li- 
gands such as bpea and tpen disproportionate in acidic 
aqueous medium to form their corresponding 
Mn(IV,IV) dimers, but at higher pH are converted to 
the (IV,IV,IV) trimers possessing the [Mn&-0),]4’ 
core [lo]. 

In contrast, the classical [Mn,0,(bpy),13 + cation [ 111, 
which lacks the carboxylato bridging moiety, is readily 
disproportionated to the trinuclear [Mn,O,(H,O),- 
@PY)414+ species as the main product even in very 
acidic conditions [12]. In this work, we report the system 
based on the ligand 2(2’-pyridyl)benzimidazole (pbz), 
[Mn202(pbz)4]3C (l), which contains the biologically 
relevant mixed-valent di-p-oxo Mn(III,IV) unit capable 
of undergoing a pH controlled quasi-reversible one- 
electron oxidation to ti!e Mn(IV,IV) state without sig- 
nificant structural changes. The Mn(IV,IV) complex 
WGWPW414+ (2), as well as its one-electron reduced 
starting material [Mn,0,(pbz),J3+ (l), have been iso- 
lated and structurally characterized by X-ray crystal- 
lography, UV-Vis, EPR and resonance Raman spec- 
troscopic methods. 

2. Materials and methods 

2.1. Synthesis of the complexes 

All the chemicals used were of reagent grade. 
Mn( O,CCH,), . 4Hz0, KMnO, and 2(2’-pyridyl)- 
benzimidazole (pbz) were purchased from Aldrich 
Chemical Co. (Milwaukee, WI) and were used as re- 

ceived. All the solvents were used without further 
purification. Elemental analyses were performed by 
Texas Analytical Lab, Houston, TX. 

2.1.1. [Mn,O,@bz),](ClO,),.H,O (1) 
The synthesis of mixed-valent [(pbz),Mn”‘(~- 

O)2Mn’V(PbzM3’ 0) was carried out in a manner 
similar to that for the bpy Mn(III,IV) dimer [llb]. To 
a solution containing 0.43 g (1.75 mmol) of 
Mn(O,CCH,),.4H,O in 25 ml of water were added 5 
ml of glacial acetic acid, followed by addition of 1.024 
g (5.24 mmol) of the pbz ligand in 30 ml of methanol 
to give an orange-brown solution. To this orange-brown 
mixture was added 0.118 g (0.75 mmol) of KMnO, in 
20 ml of water to produce a green-brown solution from 
which 1 was precipitated by adding 3.0 g of NaClO,. 
Yield 0.97 g (62% based on total Mn). Single crystals 
suitable for X-ray analysis were obtained by recrys- 
tallization from acetonitrile. Anal. Calc. for 
C,,H,,N,,O,,Mn,Cl,: C, 46.48; H, 3.31; N, 13.55. Found: 
C, 46.37; H, 2.79; N, 13.47%. 

2.1.2. [~n,O,(pbz),](CIO,),.4H,O (2) 
[(pbz)zMn’“(~-O),Mn’V(pbz),14+ (2) was prepared 

by in situ disproportionation of 1 with perchloric acid. 
First, the green-brown solution containing 1 was ob- 
tained as described above. Addition of 10 ml of con- 
centrated HClO, (- 70%) to the green-brown solution 
resulted in precipitation of the red-brown colored 2. 
The synthesis of complex 2 can also be achieved by 
using a pre-isolated compound 1, by dissolving it in 
acetonitrile followed by treatment with concentrated 
HClO,. In both cases, there was co-precipitation of a 
white impurity, and therefore, the exact yields of the 
reaction were difficult to determine. Caution! Perchloric 
acid and its salts are all potentially explosive and should 
be handled with care. Good X-ray quality single crystals 
of 2 were obtained by recrystallization from a 1:l mixture 
of acetone and acetonitrile. Anal. Calc. for 
C,,H,,N,,O,,Mn,Cl,: C, 41.35; H, 3.41; N, 12.06; Mn, 
7.89. Found: C, 41.32; H, 3.08; N, 12.01; Mn, 8.06%. 

2.2. X-ray structure determination 

The crystal structures were determined on a Nicolet 
R3m/V automatic diffractometer. The radiation used 
was MO Ka monochromatized by a highly ordered 
graphite crystal. Intensities were measured using the 
o scan technique, with the scan rate depending on the 
count obtained in rapid pre-scans of each reflection. 
Two standard reflections were monitored after every 
two hours or after every 100 data collected, and these 
showed no significant change during the course of the 
experiment. During data reduction Lorentz and po- 
larization corrections were applied, however, no cor- 
rection for absorption was made due to the small 
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absorption coefficients. All calculations were made using 
Nicolet’s SHELXTL PLUS (1987) series of crystallo- 
graphic programs. 

2.2.1. [Mn,O,(pbz)J(ClO,),.H,O (1) 
A black, square column of 1 having approximate 

dimensions 0.40 x 0.12X 0.10 mm was cut from one 
finger of a feather shaped multiple crystal and mounted 
on the diffractometer. The Laue symmetry was deter- 
mined to be 4/m, and from the systematic absences 
noted, the space group was shown to be either P4, or 
P4,. Final cell constants as well as other information 
pertinent to data collection and refinement are given 
in Table 1. The structure was solved by use of the 
SHELXTL direct methods program, which revealed 
most of the atoms in the molecule. Remaining non- 
hydrogen atoms were located in subsequent difference 
Fourier syntheses. Due to the relatively small amount 
of observed data, only the Mn and N atoms were refined 
anisotropically. Carbons were refined isotropically. All 
hydrogen atoms were entered in ideal calculated po- 
sitions and constrained to riding motion, with a single 
variable isotropic temperature factor for all of them. 
The hydrogens on the solvent water molecule could 
not be located. Two of the three perchlorate anions 
are disordered, both having two orientations. These 
two anions (Cl1 and C12) were refined as rigid bodies, 
with population factors of 55%:45% for Cll:Cll’ and 
the same ratio for C12:C12’. The absolute configuration 
of the cation was determined by refinement of a variable 
which multiplies Af” (Rogers test), and the results 

Table 1 

indicated strongly that the reported structure in space 
group P4, is preferred over the opposite configuration 
in space group P4,. After all shift/e.s.d. ratios were 
less than 0.1 (excepting hydrogens), convergence was 
reached at the agreement factors listed in Table 1. No 
unusually high correlations were noted in the last cycle 
of full-matrix least-squares refinement, and the final 
difference density map showed a maximum peak of 
about 0.4 e A-‘. 

2.2.2. [Mn,O,(pbz)J(ClO,),-4H,O (2) 
A dark burgundy colored parallelepiped of 2 having 

approximate dimensions of 0.30X 0.25 X0.20 mm was 
used for data collection. The Laue symmetry was de- 
termined to be 2/m, and from the systematic absences 
noted the space group was shown to be either Pn or 
F2/n. Since the unitary structure factors displayed centric 
statistics, space group P2/n was assumed from the outset. 
Final cell constants as well as other information per- 
tinent to data collection and refinement are listed in 
Table 1. The structure was solved by interpretation of 
the Patterson map, which revealed the positions of the 
Mn atoms in the asymmetric unit, consisting of one- 
half cation situated about a two-fold axis and two anions 
in general positions. The usual sequence of isotropic 
and anisotropic refinement was followed, after which 
all hydrogens were entered in ideal calculated positions 
and constrained to riding motion, with a single variable 
isotropic temperature factor for all of them. Two in- 
dependent water molecules of solvation were found in 
the asymmetric unit, and these were treated as ideal 

Crystallographic data for [MnaOz(pbz)4](ClO& .HzO (1) and [MnzOz(pbz)41(C104)4.4HzO (2) 

1, Mn(III,IV) 2, Mn(IV,IV) 

Formula 
Formula weight 
Crystal system 
Space group 
Temperature (K) 

a (A) 
b (A) 
= (A) 
P (“) 
v (W 

Crystal dimensions (mm) 
Crystal density (g cm-‘) 
Absorption coefficient (cn-‘) 
Radiation, MO Ka (A) 
28 Limits (“) 
Scan width, Afl (“) 
Scan speed (“/min) 
Total data collected 
Independent data, I > 3u(r> 
Total variables 
R, R,” 

MMM&3L&2CL 
1239.21 
tetragonal 

p4, 
298 
13.042(4) 

29.785(11) 

5066 
4 
0.40~0.12~0.10 
1.62 
7.17 
0.71073 
4-45 
1.20+(Kaz-Ka,) 
1.5-15.0 
3358 
1897 
389 
0.060, 0.043 

M~KbC48H44N12C14 
1392.72 
monoclinic 
pzln 
298 
13.299(2) 
14.700(3) 
14.803(3) 
96.21( 1) 
2877 
2 
0.30 x 0.25 x 0.20 
1.61 
6.94 
0.71073 
4-45 
1.20+(KaZ--Ka,) 
1.5-15.0 
3771 
2484 
374 
0.059, 0.048 

“R = ~IPol - IFcll/13lFoI; JL = [cw(ll~ol - ~F,~)~/~w~F,~~]‘~; w = a(~)-2. 
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rigid bodies and allowed to rotate freely. One of the 
two anions was found to be disordered, having two 
different orientations centered roughly about the same 
position. This was treated as two ideal rigid bodies, 
and based on analysis of the isotropic temperature 
factors involved the population factors assigned were 
55% for the Cl2 group and 45% for the C12’ group. 
After all shift/e.s.d. ratios were less than 0.1, convergence 
was reached at the agreement factors listed in Table 
1. No unusually high correlations were noted in the 
last cycle of full-matrix least-squares refinement, and 
the final difference density map showed a maximum 
peak of about 0.6 e A-‘. 

2.3. Spectroscopic measurements 

Resonance Raman spectra were obtained by exci- 
tation with 457.9 and 488.0 nm lines from a Coherent 
90-6 Ar’ ion laser. The “O-substituted 1 and 2 were 
prepared by equilibrating millimolar samples dissolved 
in CH,CN solutions (2 ml) with - 50 ~1 of pure H,180 
water (97-99 at.% 180, Cambridge Isotope Laboratories, 
Woburn, MA) for half an hour followed by complete 
evaporation to dryness of the solvent under a nitrogen 
stream. The scattered photons were collected via back- 
scattering geometry from spinning solid samples in 
pressed KC1 pellets [13a]. A scanning Raman instrument 
equipped with a Spex 1403 double monochromator and 
a Hamamatsu 928 photomultiplier detector system was 
used to record the spectra under the control of a Spex 
DM3000 microcomputer system, as described in detail 
elsewhere [13b]. An average of multiple scans (S-10) 
was taken to improve signal to noise ratio. Raman data 
manipulation was performed using LabCalc software 
(Galactic Industries Inc.) on a 486-DX 33 MHz PC 
microcomputer. Baseline correction was performed uti- 
lizing the two-point baseline correction LabCalc routine. 
A Hewlett-Packard 8-pen ColorPro graphics plotter was 
used to hardcopy output of spectra. 

Absorption spectra were obtained on an HP-8542 
diode array spectrophotometer in 1 mm quartz cuvettes 
using acetonitrile as a solvent. The pH dependence 
was monitored by using 2 ml of 0.05 M solution of 1 
in acetonitrile. Successive aliquots (20 ~1) of N 10% 
HClO, were added till no increase in the intensity of 
the 515 nm band was observed. Thereafter, 20 ~1 aliquots 
of 0.1 M NaOH solution were added till the precipitation 
of MnO, was encountered. 

Magnetic moments were obtained in the laboratory 
of Dr C.J. Carrano at Southwest Texas State University 
using a Faraday balance attached to a liquid helium 
cryostat. The EPR spectra of 1 and 2 were kindly 
measured by Dr G.C. Dismukes at Princeton University. 

3. Results and discussion 

3.1. pH controlled conversion of the [Mn,0J3+ core 
to the [A4n,0J4+ core 

Shown in Fig. 1 are the absorption spectra obtained 
on successive addition of perchloric acid to an ace- 
tonitrile solution of 1 (0.05 M). The addition of small 
aliquots (20 ~1) of HClO, causes a systematic increase 
in the peak at 515 nm (spectra l-5). After saturation 
is reached, addition of NaOH leads to a decrease in 
the intensity (spectra 6-S). The solution thus treated 
(spectrum S), however, regains most of its absorption 
at 515 nm upon subsequent addition of HC104, which 
diminishes again when more base is mixed in. This 
cycle can be repeated qualitatively several times as long 
as not too much NaOH is added in the steps preceding 
the addition of HCIO,. This demonstrates that addition 
of perchloric acid leads to the formation of a new 
complex with an absorption at 515 nm, which converts 
back to 1 in the presence of OH- and then gets 
regenerated with a fresh portion of HClO.+, albeit the 
reaction is not completely reversible. 

In acidic media, it has been shown that the 0x0 
bridges could be protonated in the cases of Fe [14a], 
V [14b,c] and Mn [15]. The structural characterization 
of the product isolated on acidification of the Mn(III,IV) 
complex 1 (vide infra) showed the presence of a di- 
manganese core with an overall +4 charge, which is 
consistent with the oxidation state formulation as: 
Mn”‘(~-OH)@-OH)Mn”‘, Mn”‘(~-OH)@-0)Mn’” or 
Mn’“(p-O),Mn’“. Due to the inability of the X-ray 
experiment to locate the protons, it was not possible 
to determine if the changes in the UV-Vis absorption 
spectra were due to a protonation of the 0x0 bridge(s) 
or the formation of the di-p-oxo Mn(IV,IV) complex. 

400 450 500 550 600 
h/nm 

Fig. 1. Changes in the UV-Vis absorption spectrum of 
[Mn202(pbz),]3f (1) upon addition of HClO, (spectra l-5) followed 
by addition of NaOH (spectra 6-8). (see Section 2 for details.) 
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However, in oxo-bridged complexes there is a partial 
double bond character to the M-O bonds due to 
substantial r-bonding between the 0x0 atom and the 
metal d-orbitals. Protonation causes the hybridization 
of the ~-0x0 atom to change, and the M-OH distances 
are considerably longer (-0.1 A) than the M-O dis- 
tances. The close similarity of the structural parameters 
of 2 (see Table 2) with those of the well-character- 
ized phenanthroline di-CL-oxo Mn(IV,IV) dimer, 
[Mn202(phenM4+ WI, rules out the possibility of the 
protonation of an 0x0 bridge due to acidification. Also, 
the structural parameters of 1 and 2 do not conform 
to those of [Mn,O,(saltn),] (saltn = 1,3-bis(salicyl- 
ideneiminato)propane), which has been shown to con- 
tain a monoprotonated Mn,O, core upon addition of 
acid with Mn-0 and Mn-Mn distances of about 0.1 
8, longer than the unprotonated dimer [Ub]. In the 
case of the saltn ligand the protonation of the 0x0 
bridge was ascribed to the anionic charge and stronger 
electron-donating capability of the phenolato groups. 
In complex 2, the poorer donor properties of the pyridyl 
and imidazolyl nitrogens of pbz leave the high-valent 
Mn atoms sufficiently formally charged to interact with 
the rr-orbitals of the 0x0 atoms, thus preventing any 
additional bonding interactions by the bridging 0x0 
groups with a proton. 

The formation of 2 from acidification of 1 can be 
rationalized by assuming a pH induced disproportion- 
ation of the [Mn,0,]3’ core to give an [Mn202]4+- 
containing dimer and a p-hydroxo-p-oxodiman- 
ganese(III,III) species which, due to the inability of 
an all N-donor ligating environment to support the 
(111,111) oxidation state, undergoes decomposition to 
an Mn2+ species (Scheme l(a)). It seems also plausible 
that initial protonation of the di-p-oxo bridge simply 
raises the dimer’s redox potential, thus allowing it to 
oxidize the unprotonated dimer (Scheme l(b)). The 
transformation of 1 to 2 was carried out aerobically 
and the potential involvement of a pH induced air 
oxidation cannot be ruled out either. We note that in 
the absence of mechanistic studies the nature of the 
actual steps will be difficult to define. However, ob- 

Scheme 1. 

servation of the Mn2+ signal in the EPR spectrum of 
2 supports the acid induced disproportionation pathway. 

Formation of the Mn(IV,IV) complex from a solution 
containing the Mn(III,IV) core indicates a dispropor- 
tionation pathway via an outer-sphere intermolecular 
electron transfer process. Since 0x0 bridges have the 
shortest bonds in the xy plane, the approximate relative 
ordering of the Mn orbitals for the Mn,O, core can 
be given as dx2+ > d,, > d, > d,, d,,=. According to this 
scheme, the Mn(III,IV) to Mn(IV,IV) transformation 
involves the removal of an electron from the dZ2 orbital. 
As a consequence, only the bond lengths of the Mn-N 
bonds cis to the 0x0 group (along the z axis) are 
expected to undergo a change during the intermolecular 
redox process. Indeed, for the crystallographically char- 
acterized Mn(III,IV) and Mn(IV,IV) analogs of 1 and 
2 with the phen ligand, the average Mn-N,, bond length 
changes from 2.127(3) to 2.010(3) A, respectively (dif- 
ference, A = 0.117(3) A), whereas the Mn-N*_ 
(A= 0.029(3) A) and Mn-0 (A =0.012(3) A) bond 
distances are relatively unaltered [16]. This change of 
Mn-N,, bond distance lies along the Jahn-Teller dis- 
tortion axis for d4 Mn(III), and is therefore energetically 
favored due to a reduction of activation energy on 
going from Mn(IV) to Mn(II1). The oxidation pathway 
involves the formation of Mn(IV) with a half-filled t, 
shell. These two factors should be the driving influence 
towards an intermolecular electron transfer causing 
disproportionation of the mixed-valent Mn(III,IV) unit 
in 1, in spite of the nearly unchanged Mn-N,, bond 
lengths for 1 and 2 (vide infra). The absence of a 
similar chemistry with bpy [12] may be due to the 
higher basicity of the bpy ligand that leads to a pro- 
tonation of the ligand resulting in loss of coordination, 
with a subsequent structural rearrangement to give rise 
to the [Mn30414+ trimer. 

3.2. Qystal structures of 1 and 2 

Both the crystals were subjected to X-ray analysis, 
however, partly due to the poor quality of crystals 
obtained for 1 and partly due to disorder of the ClO,- 
anions, the resolution for 1 was not up to the level 
which could allow a detailed comparison with the 
structural parameters obtained for 2. Nevertheless, the 
X-ray crystal crystallography of 1 showed an agreement 
with the molecular formula consistent with elemental 
analysis. The molecular formulas for 1 and 2 were 
determined to be [Mn,O,(pbz),](ClO,),.H,O and 
[Mn,O,(pbz),](C10,),.4H,O, respectively. The ORTEP 
drawings and atom labeling schemes are presented in 
Fig. 2 for 1 and Fig. 3 for 2, while selected interatomic 
distances and bond angles for 1 and 2 are given in 
Tables 2 and 3, respectively. 
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Fig. 2. ORTEP drawing of [MnzO,(pbz),]‘+ (1) showing the crystal 
structure and atom labeling scheme. The bond lengths and bond 
angles are listed in Table 2. 

Fig. 3. ORTEP drawing of [Mn,0z(pbz),14* (2) showing the crystal 
structure and atom labeling scheme. The bond lengths and bond 
angles are listed in Table 3. 

3.2.1. [Mn,O,(pbz),J(CIOd),.H,O (I) 
The mixed-valent Mn(III,IV) complex 1 crystallizes 

in the tetragonal P4, space group with cell constants 
II = 13.0042(3), c =29.785(3) 8, and 1/=5066 Bi’, and 
four molecules per unit cell. The structure of 1 shows 
a distorted octahedral environment about each Mn 
atom (Fig. 2). The four ligands bind with the pyridyl 
nitrogens trans to the bridging oxygens. The four-mem- 
bered Mn,O, ring is not quite planar; the two 0-Mn-0 

planes subtend an angle of 5;4” which results in a 
shorter 0 * . ~0 distance (2.345 A) as compared to those 
in the corresponding bpy (2.419 A) [lla] and phen 
(2.425 A) [16] mixed-valent Mn(III,IV) complexes. The 
Mn-N,, bonds (av. 2.10 A) are significantly longer 
than the Mn-N,,, bonds (av. 1.98 A). 

3.2.2. [Mn,O,@bz)_,J(ClO,),~4H,O (2) 
On the other hand, the high-valent Mn(IV,IV) com- 

plex 2 crystallizes in the monoclinic F2/n space group 
with cell constants a = 13.299(2), b = 14.700(3), 
c = 14.803(3) A, p = 96.21( 1)” and I/= 2877 A3, and two 
molecules per unit cell. The molecular structure of 2 
shows a crystallographically imposed C, axis of symmetry 
with a totally symmetric [Mn20J4+ core (Fig. 3). The 
average Mn-0 bond length is 1.798(4) Awhich compares 
well with the value of 1.799(2) 8, observed for the 
analogous complex with phen ligand [16]. The pbz 
ligands are slightly distorted from planarity, with the 
torsion angles across the chelating N-C-C-N bites being 
-4.5” and 5.9”. The average bond length of nitrogens 
trans to the 0x0 bridges (N,,,) is considerably longer 
than that of the cti nitrogens (N,,,), 2.100(6) and 1.968(6) 
A, respectively. This implies a structural tram effect 
of the 0x0 bridges. Since the 0x0 atoms define the xy 
plane in the di-CL-oxo complex for Mn(IV), a d3 system, 
the most stable coordinating environment is obtained 
with the strongly donating ligands occupying the xy 
plane truns to the 0x0 bridges, which for pbz are the 
pyridyl nitrogens. 

3.3. Physical measurements 

The EPR spectrum of 1 in acetonitrile at 110 K, 
presented in Fig. 4, shows a 16-line signal with “Mn 
hyperfine structure centered at g = 2 characteristic of 
an antiferromagnetically coupled (S = l/2 ground state) 
Mn(III,IV) dimer. This signal, which has parameters 
essentially identical to those calculated for the bpy 
analog, [Mn202(bpy)4]3+ [llc], confirms the valence 
trapped nature of the complex. As expected, complex 
2 is EPR silent, although weak signals due to small 
amounts of 1 and Mn(I1) species were detected in the 
bulk crystalline samples. The UV-Vis absorption spec- 
trum of 1 in acetonitrile, which displayed poorly resolved 
shoulders at -525, 555 and 685 nm, was found to be 
similar to the ones obtained for bpy and phen Mn(III,IV) 
dimers [lib], implying that the origin of the spectrum 
is due to the [Mn,0J3’ core only and is not perturbed 
much by the nature of the terminal ligands. Cyclic 
voltammetry of 2 showed an irreversible wave corre- 
sponding to Mn(III,IV) reduction at 0.27 V versus SCE 
using a Pt indicator electrode. Measurement of room 
temperature magnetic susceptibility on powdered sam- 
ples of 1 and 2 provided magnetic moments of 3.57 
and 1.87 pB, respectively. 
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Selected interatomic distances (A) and bond angles (“) for [Mn,0z(pbz),13+ (1) 

Mn(l)-O(1) 1.769(10) 
Mn(l)-N(3) 2.114(12) 
Mn(2)-O(1) 1.794(10) 
Mn(2)-N(9) 2.078(13) 
Mn(1). . -Mn(2) 2.729(3) 

Angles 
O(l)-Mn(l)-O(2) 
O(l)-Mn(l)-N(1) 
O(2)-Mn(l)-N(3) 
O(l)-Mn(l)-N(4) 
N(l)-Mn(l)-N(4) 
O(l)-Mn(l)-N(6) 
N(l)-Mn(l)-N(6) 
N(4)-Mn(l)-N(6) 
O(l)-Mn(2)-N(7) 
O(l)-Mn(2)-N(9) 
N(7)-Mn(2)-N(9) 
O(2)-Mn(2)-N(lO) 
N(9)-Mn(2)-N(10) 
O(2)-Mn(2)-N(12) 
N(9)-Mn(2)-N(12) 
Mn(l)-O(l)-Mn(2) 

81.7(S) 
98.4(5) 
90.2(5) 

lOLl(5) 
163.8(5) 

90.1(5) 
92.6(5) 
79.0(5) 

103.7(5) 
89.5(5) 
80.5(5) 
97.0(5) 
92.8(5) 
96.3(5) 
94.9(5) 
99.9(5) 

WlW(2) 1.814(10) 

MnU>-N(4) 2.000(12) 

Mn(2)_0(2) 1.823(10) 
Mn(2)-N(lO) 2.009(13) 

0( l)-Mn( 1)-N( 1) 
O(l)-Mn(l)-N(3) 
N(l)-Mn(l)-N(3) 
O(2)-Mn(l)-N(4) 
N(3)-Mn(l)-N(4) 
O(2)-Mn(l)-N(6) 
N(3)-Mn(l)-N(6) 
O(l)-Mn(2)-O(2) 
O(2)-Mn(2)-N(7) 
O(2)-Mn(2)-N(9) 
O(l)-Mn(2)-N(lO) 
N(7)-Mn(2)-N(lO) 
O(l)-Mn(2)-N(12) 
N(7)-Mn(2)-N(12) 
N(7)-Mn(2)-N(12) 
Mn(l)-O(2)-Mn(2) 

Mn( I)-N( 1) 1.981(13) 
Mn(l)-N(6) 2.086(13) 
Mn(2)-N(7) 1.935(13) 
Mn(2)-N(12) 2.121(13) 

92.8(5) 
167.1(5) 

78.4(5) 
92.0(5) 
89.2(S) 

166.5(5) 
99.7(5) 
80.8(5) 
92.5(S) 

166.4(5) 
92.0(S) 

162.8(S) 
169.6(S) 
86.3(5) 
78.5(S) 
97.2(5) 

Table 3 
Selected interatomic distances (A) and bond angles (“) for 

lM%WpW$+ (2) 

Distances 
Mn-O(1) 1.794(4) Mn-O(1’) 1.802(4) Mn-N(1) 1.980(6) 
Mn-N(3) 2.106(6) Mn-N(4) 1.957(6) Mn-N(6) 2.095(6) 
Mn.. -Mn’ 2.724(2) 

Angles 
0( l)-Mn-N( 1) 
N(l)-Mn-N(3) 
N(l)-Mn-N(4) 
O(l)-Mn-N(6) 
N(3)-Mn-N(6) 
O(l)-Mn-O(l’) 
N(3)-Mn-0(1’) 
N(6)-Mn-O(1’) 

99.9(2) O(l)-Mn-N(3) 93.9(2) 
79.2(2) O(l)-Mn-N(4) 90.5(2) 

164.5(3) N(3)-Mn-N(4) 88.8(2) 
164.9(2) N(l)-Mn-N(6) 92.4(2) 
97.0(2) N(4)-Mn-N(6) 79.3(2) 
81.4(2) N(l)-Mn-O(l’) 92.9(2) 

170.0(2) N(4)-Mn-0( 1’) 100.0(2) 
89.3(2) Mn-O(l)-Mn’ 98.5(2) 

3.4. Resonance Raman spectra 

Resonance Raman (RR) spectroscopy has been quite 
successful in structural elucidation of the 0x0 bridged 
active sites in metalloproteins and model complexes 
due to strong enhancements of the metal-oxygen stretch- 
ing vibrations via coupling to the 0 +M electronic 
charge transfer transitions in the visible region [18]. 
For the centrosymmetric planar Mn,O, core with & 
symmetry, two Mn-0 stretching modes are predicted 
to be Raman allowed (A, and B1,) and two to be IR 
active (BZu and B3J. Fig. 5 presents RR spectra in the 
500-800 cm-’ region for [Mn,0,(pbz),13’ (1) and 
[Mn202(pbz)J4+ (2), and their I80 isotopomers ob- 

II 11 11 11 11 1 A 
2200 2600 3000 3400 3800 4200 

W-W 

Fig. 4. The X-band EPR spectrum of [Mn,Oz(pbz),]‘+ (1) in CH&N 
solution at 110 K. Conditions: microwave frequency, 9.45 GHz; 
microwave 203 power mW; 5 scans. 

tamed in KC1 pellets with 488.0 (1) and 457.9 (2) nm 
excitation wavelengths. The spectrum of 2 shows a 
polarized dominant band at 693 cm-’ which shifts to 
664 cm-’ on “0 substitution, the position and isotope 
shift expected for the totally symmetric A, vibration 
involving stretching of short Mn(IV)-0 bonds of the 
Mn,O, core. A similar “0 sensitive band is seen in 
the RR spectrum of the mixed-valent complex 1. This 
also contains a single dominant band at 694 cm-’ (665 
cm-’ in “0 isotopomer), that is attributed to a pre- 
dominantly Mn(IV)-0 stretching mode, suggesting very 
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Fig. 5. RR spectra of [Mn,O,(pbz),]‘+ (1) and [MnzO,(pbz),]“+ (2), 
and their ‘“0 isotopomers obtained in KC1 pellets at room temperature 
with 488.0 (1) and 457.9 (2) nm excitation wavelengths (100 mW) 
and 6 cm-’ slit widths. The Mn(IV)-0 stretching bands are correlated. 

little perturbation of the ground state geometry. A 
more detailed analysis of the vibrational spectra of the 
Mn,O, cores in a series of complexes, together with 
“O-isotopic shifts and normal mode analysis, will be 
discussed elsewhere [19]. 

4. Conclusions 

A new Mn complex containing the (di-p- 
oxo)dimanganese(III,IV) mixed-valent core has been 
isolated, which undergoes a pH dependent dispropor- 
tionation to its (di-p-oxo)dimanganese(IV,IV) form. 
The minimal structural perturbations in the Mn,O, 
core in two different oxidation states suggest the fea- 
sibility of such a core to accommodate the extra storage 
of positive charge without losing its structural integrity. 
In contrast, a similar pH dependent process with the 
bpy analog of 1 leads to a structural rearrangement to 
a trimeric [Mn30414 + core. Inasmuch as the Mn3+/ 
Mn4 + redox cycle involves minimal structural changes 

around the metal center, a similar mechanism can be 
envisioned in proteins, where a preorganized structure 
enforced by protein conformation facilitates electron 
transfer readily without a large structural rearrangement 
around the metal coordination center. The observed 
invariance of the OEC - 2.7 A vector in EXAFS from 
S1-S, states [ZO] implies a maintainance of the di-p- 
0x0 core through sequential oxidation at the metal 
center. Finally, the Mn(IV)-0 stretching mode of the 
Mn,O, unit can be effectively enhanced in the RR 
spectrum with visible excitation, which provides a useful 
probe in the structural characterization of Mn containing 
active sites involving two 0x0 bridges. 
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